An investigation has been made on the propagation of the low-velocity detonation through layers of nitroglycerine 0*01 to 0*75 mm. thick. By the rotating drum photographic method the detonation velocity was found to be 1800 + 200 m./sec. The forward and backward move ment of the decomposition products behind the detonation front has been recorded and the velocities measured approximately.
I n t r o d u c t io n
The previous paper has described a high-speed photographic study of the first stages of explosion in thin layers of nitroglycerine. I t was shown th a t a complex series of events occurs within the first 1 to 2 cm. of propagation of the explosion (Mulcahy'& Vines 1947) . In very thin layers the explosion begins a t the com paratively low rate of about 400 m./sec., and then, after propagating for about 1 cm. a t this velocity, suddenly accelerates to about 2000 m./sec. This faster type of propagation is mechanically more violent than the initial process. In thicker layers the explosion begins a t very high velocity (< 5000 m./sec.)* within about 1 cm. falls suddenly to 400 m./sec., and then accelerates abruptly to about 2000 m./sec., as in the thinner layers. I t was shown also th a t the inception of the 2000 m./sec. explosion takes place 'spontaneously' a t a point in the nitroglycerine layer ahead of the explosion front of the 400 m./sec. process, and th a t simultaneously a luminous process ('retonation wave ') is sent back towards the point of initiation through the decomposition products remaining from the 400 m./sec. stage of the explosion.
This paper describes a more detailed examination of the 2000 m./sec. propaga tion process and of certain characteristic effects found to be associated with it. I t has been found th a t the process once established, maintains a strictly constant velocity except, in certain circumstances, over a short distance close to the point where it begins. A more accurate value for the propagation velocity has been obtained, viz. 1800±200 m./sec.; this velocity corresponds to th at of the well-known 'low-velocity' detonation of nitroglycerine, with which the process is therefore presumably identical.
The movement of the luminous gaseous products left in the wake of the explosion front ('Schwaden') has been recorded photographically. The photographs obtained are remarkably similar to those published by other workers, recording the behaviour of the Schwaden subsequent to the. passage of the detonation wave in gaseous explosions (described by Jost 1939) . A knowledge of the behaviour of the Schwaden has been valuable in interpreting the characteristic pattern of fine lines which remain 'scratched' on a smooth lead-plated metal surface after a thin confined layer of nitroglycerine, in contact with it, has been detonated.
Photographs obtained provide further evidence of 'structure' in the detonation process, which appears to be propagated as a series of small localized explosions in the liquid of the order of 0*5 mm. apart (cf. Bowden, Eirich, Ferguson & Yoffe 1943 a; Bowden, Eirich, Mulcahy, Vines & Yoffe 19436) . The constant velocity of 1800 m./sec. is therefore very probably an overall or average velocity.
The experiments have incidentally provided further illustration of the pheno mena associated with the beginning of the explosion which have been described in detail elsewhere (Vines & Mulcahy 1946; Mulcahy & Vines 1947) .
T h e p r o p a g a t io n of d e t o n a t io n t h r o u g h t h in l a y e r s OP NITROGLYCERINE
(1) Blast patterns on brass surfaces When explosion is initiated a t the centre of a thin layer of nitroglycerine confined sandwich fashion between two flat brass disks, a characteristic blast pattern is imprinted on the confining surfaces. The two distinct regions of surface damage remaining after the explosion have been described in detail in earlier papers (Bowden et al. 1943 a, 6; Mulcahy & Vines 1947) . When explosion is initiated at the end of a continuous layer of nitroglycerine confined in the same fashion between a metal block and a narrow long brass strip, the two regions of surface damage may again be observed.* Figure la , plate 16, shows such a strip, 8 cm. long and 2 cm. in width. An explosion adjacent to the end A served to fire the confined layerf which was 0-1 mm. thick in this case. At*A there is a small area which is almost unmarked by the explosion and beyond it (beginning at b) the region of heavy-surface deformation, B, appears. The deformation consists of a multitude of tiny pits, approximately 0*5 mm. apart, impressed in the metal, and extends without a break to the far end of the strip. The discontinuous nature of the deformation is seen more clearly in figure 10, plate 18, which is a magnified photograph of a portion of the surface.
(2) Patterns on lead-plated surfaces By lead plating the brass strip beneath which the layer of nitroglycerine is confined, a further interesting explosion pattern is obtained (cf. Bowden et al. 19436) . After an explosion such a lead-plated surface is found to be covered entirely by a large number of fine and gradually divergent ' scratches ' which appear to originate from a point near the remote end of the strip, and to be directed back towards the end where initiation was effected. Such a pattern may be seen in figure 16 , plate 16. The explosion was initiated at J, and O is the apparent origin of the marks a t the far end of the strip.
I t is found th a t the nature of the pattern is unaltered by the width and shape of the strip. This may be seen from figure 1 c, which shows the marks on a strip 4 cm. wide. Again, if the layer of explosive is confined beneath a flat strip of circular shape, the marks are similar but follow the curve of the strip. Figure Id is a photograph of a pattern produced in an experiment where the explosion was initiated a t the centre of a strip ; in this case two separate series of scratches may be seen originating a t both ends.
By dissolving away the film of lead the normal explosion pattern on the under lying brass surface becomes apparent; for example, if the lead coating on the strip shown in figure 16 were removed, the brass pattern beneath would be found to be similar to th a t in figure 1 a. Close examination of the disposition of the scratches and of the underlying pit markings has revealed no connexion between them, i.e. the scratches seem to be produced independently of, and subsequently to, the formation of the pit markings.
A magnified photograph of a part of a lead surface similar to figure 16, taken at about the centre of its length, is given in figure 7 , plate 18. This central section is representative of the 'typical' disposition of the scratches uninfluenced by the special conditions which obtain at the two ends of the strip. By taking a small element of the length of such photographs and measuring the angles of orientation of individual scratches, it is found th at there is a linear relationship between the angle of orientation and the distance of the scratch from the centre of the strip. This angle increases from zero at the centre to about 60° at the two edges, apparently irrespective of the width of the strip, since with strips 1*25 to 4 cm. wide the angle is roughly the same.
I t may be observed at this stage that, since the scratch-mark pattern is super imposed upon, and apparently independent of the underlying deformation, it follows th at it is produced by a process which occurs subsequently to the passage of the detonation through the explosive.
(3) Rotating drum camera traces
The high-speed photographic technique used previously (p. 213)' to examine the initial stages of the explosion has been applied to more extended layers of nitro glycerine. The objects of the experiments were to obtain a more accurate value for the velocity of the stage of the explosion responsible for the pressure marks on brass surfaces; to ascertain whether there is any appreciable dependence of this velocity on the thickness of the layer of explosive; and to obtain more data on the fundamental nature of the explosive process and of its effects on brass and leadplated surfaces.
Experimental
The same machine was used as in the previous investigation, but the experi mental arrangement was somewhat modified. The apparatus is represented diagrammatically in figure 2. The layer of nitroglycerine* was confined between a brass strip A, similar to those described in the previous section, and a thick slab of laminated glass Y. By means of three stiff compression springs the strip and slab were clamped tightly (clamping device not shown) to the two flat steel plates CC which supported the arrangement. y means of a lens system L, the light from the explosion beneath the strip was brought to a focus upon the rotating drum D, which carried the film. Adjacent to the drum was a narrow linear slit S, at right angles to the direction of motion of the film. The position of the strip was so arranged th at only the fight from the explosion at its centre could be transmitted through the slit to the film. In this way it was possible to follow the entire course of the explosion from the point of initiation to the far end of the strip.
The explosion was initiated either by impact or by condenser spark. For impact initiation a number of droplets of nitroglycerine were distributed upon the glass slab Y close to one end of the brass strip, and struck with a flat metal striker.f
The explosion so produced fired the confined layer. In the experiments in which initiation was effected by means of a condenser spark (250 V, 12 fiF), the arrange ment was similar to th a t described previously (Mulcahy & Vines 1947) .
The velocity of propagation
Figures 3 a, b, plate 17, are typical* traces obtained with this apparatus. The propagation velocity of the explosion a t any point along the length of a nitroglycerine layer can be calculated from the angle of inclination of the trace to the horizontal a t th a t point. In figure 3 a propagation of the explosion (in both directions) has begun a t the characteristic initial velocity of about 400 m./sec. At P the second stage of the explosion (detonation)f began suddenly. As has been described fully previously (Vines & Mulcahy 1946; Mulcahy & Vines 1947) , detonation begins a t a point in the nitroglycerine layer a little ahead of the advancing explosion front. In this case a gap of 3 mm. separated the explosion front of the 400, m./sec. process from the point where detonation began. In the experiment of figure 3 bt he explosion first spread from the point of i extreme rapidity (< 5000 m./sec.) for a short distance JZ, but a t Z this first process changed abruptly to the 400 m./sec. process, which ultimately, a t the point P, gave way to detonation in the normal fashion. (The 'auto-ignition' phenomenon is also seen clearly.) I t has been suggested th at the initial, very rapid process usually observed with thicker layers (Mulcahy & Vines 1947 ) corre sponds to the 'high velocity' (~ 8000 m./sec.) detonation of nitroglycerine which should be expected to be unstable under theise conditions of experiment (cf. Chariton & Ratner 1943) . I t will be seen from figures 3 a and b that, except for a brief period PQ following its inception (when the speed is abnormally fast), the detonation is propagated with constant velocity, since the slope of each trace is uniform over the length QQ'. f For the sake of brevity this stage of the propagation, which is that responsible for the deformation marks on brass surfaces (figure 1 a) has been referred to as ' detonation It will be shown later that the velocity of this process is the same as that of the propagation mechanism commonly described as the 'low velocity' detonation of nitroglycerine.
J In this experiment the lower confining surface was not a glass slab but an alternative arrangement described on p. 233.
From these and other traces the propagation velocity of the detonation could be calculated with some improvement in accuracy on the previous measurements made on shorter lengths of explosive. Values for the velocity calculated from a number of traces are given in table 1. Column 2 gives the method of initiation, viz. condenser spark, impact on droplets, or cavity im pact.f Column 3 indicates * Under conditions of 'touching' thickness the layer is confined between the surfaces without spacing pieces interposed; it is estimated that the overall thickness of the layer is >0*01 mm. (Bowden et al. 1943 b) .
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the type of lower confining surface, viz. glass or the 'perspex slit' described on p. 233. I t will be seen from table 1 th a t the values obtained are within the range 1650 to 2000 m./sec. The experimental error of each measurement has been esti mated to be ±about 10%: consequently the most probable value f detonation velocity is 1800 m./sec. Table 1 also shows that, within the limits of experimental error, the detonation velocity is independent of the method of initiation of the explosion and of the thickness of the layer of explosive in the range > 0-01 to 0*75 mm. I t is possible th a t the performance of a statistically adequate number of experiments with different layer thicknesses would reduce the probable error, and consequently might reveal some variation in velocity.
In fact it appears probable from the results th a t the velocity with the perspex slit support is a little higher than when a glass support is used. Again in the thickest layers the velocity may possibly be somewhat lower. However, as a new camera with considerably greater writing speed is a t present in the course of construction, it is not considered worth while a t this stage to follow up this point.
The value of 1800 m./sec. agrees with th at of 1800 + 200 m./sec. found by Chariton & Ratner (1943) for the velocity of the 'low velocity' detonation of nitroglycerine in glass tubes of 2 to 2*5 mm. diameter. I t seems clear therefore, th a t as suggested in the preceding paper, the process responsible for the deforma tion of the brass surfaces in our experiments is, in fact, the low velocity detonation. I t may be noted th at it follows from our results th a t the low velocity detonation is capable of stable propagation in a layer of nitroglycerine 0*01 mm. thick.
The initial velocity of detonation
As indicated above, the traces (figures 3a, h) shows th a t detonation begins (P->Q) a t a velocity rather higher than the stable speed eventually attained (Q->-Q'). This effect is most apparent in the experiments with thicker layers. I t is notable th a t under these conditions the surface deformation characteristic of the detona tion process (i.e. the pit markings in figure la), is quite considerably reduced on the brass strips up to the point where the process begins to propagate a t the constant velocity.
The beginning of detonation a t high velocity has a parallel in the setting up of detonation in gaseous explosions: when gaseous combustion passes from the flame type of propagation to detonation, the detonation wave begins a t an unstable high velocity which in a short distance of travel falls to the stable velocity of propagation (cf. Bone & Fraser 1931) .
Events subsequent to the passage of the detonation wave
The rotating drum camera traces just described give no information regarding events occurring a t any appreciable time subsequent to the passage of the detona tion wave through the explosive layer. The reason for this is clear. After an experiment, the slab of laminated glass which supported the nitroglycerine is found to be completely shattered and quite opaque. The thickness of the explosion traces (e.g. figures 3a, 6) indicates that, allowing for the width of the slit, each element of glass becomes opaque within 10 x 10-6 sec. after the passage of the detonation wave over it. If, as has been inferred previously, the pattern of ' scratch ' markings on a lead-plated surface is caused by a process occurring after the detonation has passed through the liquid, little or nothing of this process will be seen in the explosion photographs when the nitroglycerine is supported by a glass slab, because of the shattering of the glass. If any subsequent luminous processes are to be observed, it is necessary to support the explosive by a substance which remains transparent after the detonation has passed over it.
Slabs of transparent plastic ('perspex' and cellulose acetate) were tried in place of glass, but under these conditions it was not found possible to set up stable detonation in the explosive, presumably because of the lower rigidity of the plastic support (cf. Mulcahy & Vines 1947) . The difficulty was overcome by a modification of a device used in previous experiments (Bowden et al. 19476) , viz. by clamping a small sheet of perspex between two steel blocks as shown in figure 4 . The blocks AA were heated in boiling water and then squeezed together so th at a thin layer of perspex, B, was moulded to fit the space between them. The apparatus was so constructed th at a solid steel platform S was left at each end of the perspex, and narrow grooves in the steel blocks kept the perspex rigidly in place. The upper and lower surfaces of the composite slab were ground and polished so th at the two surfaces of the perspex inlay were rendered completely flat, level with the steel surfaces, and transparent. The width of the perspex at the upper surface was 1 mm. This steeland-perspex slab was substituted for the original glass support. Otherwise the apparatus was the same as previously described, except th at the slit adjacent to the camera drum was removed since this new arrangement itself provided a slit adjacent to the explosive. A new piece of perspex was inserted and the whole slab ground and polished for each experiment.* The explosion was initiated by impact on a number of nitroglycerine droplets distributed on the steel platform S. With the rigidity of the support improved in this way, it was possible to detonate the explosive layer, and although the perspex was often considerably damaged, it still remained reasonably transparent after the explosion. Figures 5a, 6 , plate 17, are examples of the photographs obtained. I t is a t once evident th a t the products of detonation remain luminous for an appreciable time after the passage of detona tion through the explosive. This time can easily be computed from the photographs and (allowing for the width of the slit) normally amounts to ~ 30 x 10-6 sec. The duration of the luminosity can also be measured by causing the explosion to propagate diametrically across the slit instead of along it. Figure 9 , plate 18, is a photograph obtained in this way. The detonation front first became visible to the camera a t A, and passed across the slit out of view, but the products remained luminous while the film moved through the distance AB. The total period of luminosity is the time equivalent of the distance AB minus the width of the slit, i.e. 30 x 10-6 sec. Further discussion of figure 9 will be given later.
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Photographs such as figures 5 a, b also record the motion of the luminous hot gases left immediately behind the detonation wave ('Schwaden'). Unfortunately it is extremely difficult to obtain prints which are capable of showing the fine details of the negatives when reproduced, and figure 56 has been chosen from the point of view of possibility of reproduction, rather than because it shows typical behaviour. Figure 56 shows th at the Schwaden, possibly after barely perceptible motion forward, move backwards from the detonation zone. In most of the photographs obtained, the Schwaden are seen to move a t first forward in the direc tion of the detonation wave, with a velocity of the order of 200 to 400 m./sec., come to a standstill, and then move backwards a t about 400 to 800 m./sec. Though it has not yet been possible to obtain detonation photographs which show up this behaviour on reproduction, it is seen much more clearly in photographs obtained when stable detonation was not set up.f Figures 6a, 6 , c, plate 17, are such photo graphs.:}:
The photographs immediately suggest comparison with those obtained by Dixon, Bone & Fraser, and others in their work on the propagation of detonation in combustible gas mixtures (described by Jost 1939) . They have shown th a t subsequent to the passage of the detonation wave through such mixtures, the hot gases which are left behind the detonation front move rapidly after it, their velocity gradually decreasing until they come to a standstill, after which their * Owing to the fact that nitroglycerine is absorbed by perspex it was found necessary to initiate the explosion immediately after setting up the apparatus. The nitroglycerine could be separated from the perspex by a thin sheet of mica but in these circumstances stable detonation is not set up (see § 4). t See § 4. $ In the explosion in figure 6 c, initiation took place at both ends of the strip. In all photographs similar to figures 6 a, b, and c the period of luminosity is rather more protracted than when full detonation is set up. movement is reversed and they travel rather more slowly in the opposite direction. The velocity of the forward movement of the Schwaden has in certain cases been measured by Lewis & Friauf (1930) and found by them to agree reasonably well with th a t predicted by the hydrodynamic theory of detonation. Figure 8 , plate 18, a photograph of the detonation wave in an acetylene-oxygen mixture taken from a paper by Bone & Fraser (1931) , shows the phenomenon well and is included for comparison with figures 5, 6, plate 17. The similarity is obvious though the difference in scale should be noted: figure 8 represents the passage of the gaseous detonation through 1 m. whereas, for example, figure 56 represents a 9 cm. length of nitroglycerine. I t seems, therefore, th at the hot decomposition products left in the wake of the detonation wave passing through our nitroglycerine layers behave in substantially the same fashion as the Schwaden in a gaseous detonation.
The movement of the Schwaden provides an explanation for the ' scratch ' mark pattern on a lead surface. The previous speculation (Bowden et al. 19436) , th a t the marks are caused by an extra explosion process which sweeps back from the Tar end of the layer through the products of detonation, is rendered less probable in the light of the experiments just described. Such a process should be expected to be luminous but no sign of it appears in the photographs taken'with the perspex slit, though it remains fairly transparent after the explosion. On the other hand, if the marks are considered to be scratched on the lead surface by the backward flowing Schwaden, the pattern becomes immediately intelligible (see discussion).
(4) The, discontinuous nature of the explosive propagation
The pit markings characteristic of the detonation process (figure 10, plate 18) indicate th a t it is essentially discontinuous, and it has been suggested th at they are impressed in the surface by a succession of powerful, localized explosions occurring irregularly about 0*5 mm. apart. The camera traces also show variations in luminous intensity along their length which are ascribable to this phenomenon. These are difficult to reproduce from the negatives but may be seen faintly in, figures 3, 5, plate 17.* The streaked appearance of the Schwaden in the explosion traces and the discrete nature of the 'scratch' marks are also indicative of 'structure' in the detonation front (though here the possibility th at both are due to moving particles within the hot gases cannot be ruled out (see § 5).
In photographs such as figure 9, plate 18, the line of first appearance of light (AA) is a snap-shot of the (curved) detonation front. Examination of the negatives reveals th at this line is finely serrated, i.e. the luminosity of the detonation front is not uniform across its width but is made up of a number of bright spots separated by spaces of lower luminosity. This is clear evidence of structure in the detonation front. I t is reasonable to identify the bright spots with the pits which the detona tion produces in the surface over which it passes. When stable detonation is not * The resolution of our apparatus is insufficient to detect any possible changes in slope which might indicate alternation between high and low velocity, corresponding to the more and less deformed elements of the surface. set up* the camera traces show th a t the explosion proceeds in a more markedly discontinuous fashion. Figures 6 a, b, c are traces of such explosions. I t will be observed in figure 66 th a t the luminosity of the explosion is interm ittent and th a t the velocity of propagation varies in an irregular m anner^ In fact, it appears th a t propagation took place as an explosion which alternately flared up and then died out. The effect is shown again in figure 6c: the Schwaden appear as luminous bands separated by dark spaces. The presence of the dark spaces in the photographs is of some interest since 4t indicates th a t each of the interm ittent explosions is 'spontaneously' initiated ahead of the one preceding it. The phenomenon is remini scent of the auto-initiation of detonation which normally occurs in front of the 400 m./sec. explosion.
D is c u s s io n (5) Interpretation of the ' 5 mark pattern
As indicated in § 2, the scratch marks are made on the lead surface a t some time after the detonation has passed over it, but no subsequent explosion or disturbance propagated through the detonation products has been detected, which could be considered to have produced them. I t is reasonable, therefore, to attribute the pattern to the movement of the Schwaden behind the detonation zone. As they emerge from the detonation zone, the Schwaden move forward with a velocity of ~ 200 m./sec. but, as a result of cooling and expansion, a region of low pressure is created behind the detonation zone and their motion is reversed.^ The Schwaden will also expand sideways towards the low-pressure region at the sides of the strip ; the motion of the gases a t any time will therefore be compounded of their sideways and forward or backward movement. If it be assumed th a t each individual scratch is caused by a small element of volume of the backward moving Schwaden, this explains in a general way the increasing obliquity of the scratches from the centre (maximum pressure) to the edges (low pressure). § Again the apparent ' origin5 of the scratches, O in figures 16, c, d, may be ascribed to a reversal of the normal direction of flow resulting from the establishment of a pressure gradient in the direction of propagation after the detonation has terminated a t the end of the explosive layer. * * * § * This usually occurs when the explosive layer is held between the strip and a piece of (transparent) mica resting on the perspex slit.
t The overall velocity was in this case 1000 m./sec. for the first 4 cm. and 1350 m./sec. for the final 6 cm. t According to the theoretical work of Becker (1922) and Langweiler (1938), a rarefaction wave may be expected to follow the detonation wave (see also Jost 1939, p. 203). There is some evidence of this in our across-the-slit photographs in which a temporary diminution of luminous intensity in the region behind the detonation front may sometimes be observed.
§ It may be noted that photographs similar to figure 8 show no sign of sideways expansion (except at the edges): it seems not unlikely that the scratch marks observed are made after the Schwaden become non-luminous.
Though it seems fairly clear from the foregoing discussion th at the 'scratch' marking is associated with the flow of the Schwaden, the actual cause of the discrete nature of the scratches is more obscure. I t is possible th a t they are caused by particles of lead dragged across the surface, or by small droplets of undecom posed explosive entrained in the Schwaden.* On the other hand it seems not unlikely th a t the discrete 'scratches' result from local regions of high pressure within the moving Schwaden which are a consequence of the discontinuous nature of the detonation process.
(6) The low-velocity detonation
The close similarity between the phenomena characteristic of the setting up of the 1800 m./sec. detonation in nitroglycerine and those observed in gaseous explosions has been pointed out in the previous paper. The work described here has revealed at least two further points of similarity, viz. the forward and back ward movement of the Schwaden and, in the thicker layers, the beginning of the detonation at an abnormally high velocity.
The evidence indicates strongly th at the 1800 m./sec. detonation of nitro glycerine (and similar liquid explosives) is not propagated as a homogeneous wave front but proceeds as, or is accompanied by, a discontinuous series of localized explosions (see also below). In this connexion it is of interest to observe th a t the work of Bone, Fraser & Wheeler (1935) has shown that the propagation of gaseous detonation in many cases-the so-called spinning detonations (Campbell & Woodhead 1926; Campbell & Finch 1928; Bone & Fraser 1929 )-involves a continuous series of regularly occurring, discrete explosions. I t is perhaps possible to see the behaviour of nitroglycerine as analogous to this. Furthermore, Bone et al. (1935) have observed that, in its initial high velocity phase, a gaseous detonation proceeds uniformly, the interm ittent explosions only appearing just before the stable velocity is reached: as noted previously the initial high-velocity phase of the detonation in nitroglycerine is accompanied by a considerable reduction in the number of pit marks impressed in the metal surface.
The fact that nitroglycerine can detonate at either the ' high ' velocity (7700 m./sec. (Lawrence 1944) ) or the 'low', roughly sonic, velocity (~ 1800 m./sec.) has been known for some time. Recently Chariton & Ratner (1943) and Ratner (1944) have shown th at liquid nitroglycol and methyl nitrate behave similarly. No satisfactory explanation of the phenomenon has yet been found. Dserschkowitsch & Andreev (1930) have attributed the two velocities of nitroglycerine to two different isomers, but as Ratner has pointed out, this explanation cannot reasonably apply to methyl nitrate. The value for the detonation velocity of nitroglycerine predicted by the hydrodynamic theory corresponds to the 'high' velocity (Lawrence 1944) . I t follows that it is the 'low' velocity which is the exceptional one, and therefore in need of a special explanation. It is probably significant th a t the existence of a low velocity seems to be confined to liquid explosives,* all solid explosives including solid nitroglycerine (Dserschkowitsch & Andreev 1930) , having but one (high) rate of detonation.
While sufficient data are not yet available to provide a mechanism for the lowvelocity detonation, it is clear th a t the discontinuous nature of the propagation, as revealed in the pressure marks and photographs, is an im portant (and hitherto unsuspected) factor. I t is significant th a t when an explosion in nitroglycerine is propagated a t a rate approaching th a t of the high velocity, the deformation of the confining surfaces though more severe than th a t from the low-velocity detonation, is quite uniform (Mulcahy & Vines 1947, figure 116, plate 14) . This is in contrast to the pitting characteristic of the 1800 m./sec. process.
I t can be shown th a t the pressure involved in the production of the pit marks is < 60,000 atmospheres.f In view of this high value the possibility arises th a t the low-velocity detonation may consist of small periods of high-velocity detonation (7700 m./sec.)-during which the pit markings are produced-alternating with the 400 m./sec. type of propagation in such a fashion th a t the average velocity of propagation is 1800 m./sec. Actually when the total extents of the depressed and undepressed parts are measured over a length of surface (e.g. from figure 10, plate 18) the average ratio between the two comes out a t about 1: 6 which is roughly the expected value. However, no great reliance can be placed on this agreement since in making the measurement it is difficult to estimate the precise extent of each pit. Nevertheless, irrespective of whether the velocities of the two processes be 7700 and 400 m./sec., it may reasonably be assumed th a t the detona tion velocity observed is an average of the velocities corresponding to two different explosion mechanisms 4
The evidence available hardly allows inference of the mechanism by which the discontinuities in the propagation occur. However, the following qualitative scheme may be tentatively suggested: The propagation of the explosion may be assumed to be maintained by the impinging of the molecules of the decomposition products on the surface of the undecomposed explosive ahead (cf. Schmidt 1938) , the products resulting mainly from a combustive type of reaction analogous to the 400 m./sec. process. However, because of inhomogeneities in the initiation of the reaction along the width of the explosion front, or perhaps as the result of a dis turbance propagated ahead of the explosion, the hot gases are able to proceed deeper into the liquid in some places than in others. Consequently, small elements of liquid may become partly surrounded by hot gases and detonate in situ. This will produce local high-pressure regions within the surrounding combustion, and the inhomogeneity of the propagation will be maintained.
* Or those containing a liquid explosive such as blasting gelatine. f See Appendix. J It is to be observed that after detonation has occurred in a thin layer of finely crystalline mercury fulminate or lead azide confined in the same manner as the nitroglycerine layers, the confining surfaces are covered with pits in a similar fashion; each pit presumably corresponds to the detonation of an individual crystal in contact with the surface (Vines, 1944).
In view of the essentially discontinuous nature of the propagation it is surprising th a t the 'overall' velocity should be so uniform; it appears that, whatever their nature, there must be some degree of regularity in the occurrence of the discon tinuities. The mechanism suggested above provides no explanation for this, except in so far as it is possible th a t the liquid may be in some (unknown) way 'prepared* for reaction by an invisible shock wave which travels a t constant velocity ahead of the explosion front (cf. Bone et al. 1935) and determines the rate of propagation.
The work described in this paper was carried out as part of the research pro gramme of the Section of Tribophysics of the Council for Scientific and Industrial Research, Australia. The authors gratefully acknowledge the helpful criticism of Dr S. H. Bastow and Dr J. S. Anderson. Our thanks are due to Professor E. J . H artung for laboratory facilities in the Chemistry Department of the University of Melbourne, and to Mr M. E. Hargreaves for his assistance in various metal lurgical investigations associated with the work.
Propagation of detonation in thin layers of nitroglycerine

A p p e n d ix
The impulsive pressure exerted by the detonation I t was of interest to attem pt an estimation of the impulsive pressure involved in the production of the pits in a metal surface by the detonation. This was done by exploding layers of nitroglycerine confined between steel strips of increasing hardness. As the hardness of the metal is increased the pits become less distinct, until beyond a hardness of about 600 (Vickers) they are no longer observed.* Since the explosion is just incapable of causing deformation of a surface of this hardness, the (dynamic) flow pressure of the metal must correspond roughly to the explosive pressure exerted. A static hardness of 600 (Vickers) is equivalent to 60,000 atmospheres. As the apparent hardness increases, in general, with decreasing duration of application of the pressure, it is clear th at the value of 60,000 atmospheres represents the lowest possible value for the impulsive pressure.
I t is interesting to compare this value with th at which might be expected if the detonation were propagated through the explosive as a uniform wave front. The total pressure effect of a detonation wave is the sum of the hydrostatic pressure in the wave front, and the impulse due to the motion of the Schwaden. This has been shown by Becker (1922) to be given by the expression where P i s the hydrostatic pressure in the wave front (the 'detonation pressure') <r1 the specific volume of the explosive, and <r2 th a t of the Schwaden in the wave front. From this it is easily shown th at where D is the detonation velocity and W the velocity of forward movement of the Schwaden behind the detonation front.
Furthermore it may be shown th a t where pi s the density of the explosive (1-6 for nitroglycerine). Thus from values of p, D and W, it is possible to calculate t from equation (4).
On substituting in equation (4) the value of 200 m./sec. obtained for W ( § 3), a value of 6500 atmospheres is obtained for the total pressure. The values corre sponding to W =300 and 400 m./sec. are 10,000 and 14,500 atmospheres spectively. I t is clear therefore that, on the basis of the value for the Schwaden velocity obtained from the photographs the pressure expected from a uniform detonation wave is in the region of 10,000 atmospheres. This figure is considerably lower than the measured value of < 60,000 atmospheres for the pressure involved in the production of the pit marks.*
The value of 200 to 400 m./sec. obtained for W is very rough because of the difficulty of measuring it from the photographs. However, th a t this is a reasonable value may be seen from the following considerations. The Schwaden velocity W of an explosive may be calculated from physical and thermochemical data and the hydrodynamic theory of detonation (Schmidt 1936; Roth 1940) . (The corre sponding value of P may be calculated from equation (3).) Table 2 gives values of W calculated by various authors, together with the corresponding values of D, for liquids, and for solid explosives in the region of their maximum charge density. I t will be seen from table 2 th at the calculated value of the Schwaden velocity is about 1/7 to 1/8 th at of the detonation velocity. The value of 200 to 400 m./sec. for the Schwaden velocity of the low-velocity detonation of nitroglycerine is therefore compatible with the general behaviour. This affords indirect supporting evidence for the measured value of the Schwaden velocity and therefore for the figure of ~ 10,000 atmospheres for the calculated total impulsive pressure."}* The * Even, if the Schwaden velocity were half the detonation velocity, which appears most unlikely from the photographs, the calculated value for the total pressure would be only 51,000 atmospheres.
f Strictly speaking, equation (1) gives the pressure in the direction of propagation. It is probable that the pressure on the confining surfaces is between this value and the hydrostatic pressure, i.e. lower than 10,000 atmospheres. 
